The effects of microstructure on inverse fracture occurring in the hammer-impacted region were analyzed after conducting a drop-weight tear test (DWTT) on high-toughness pipeline steels. Three kinds of steels were fabricated by varying the alloying elements, and their microstructures were varied by the rolling conditions. The pressed-notch (PN) or chevron-notch (CN) DWTT and Charpy V-notch (CVN) impact tests were conducted on the rolled steel specimens, and the results were discussed in comparison with the data obtained from CVN tests of prestrained specimens. In the hammer-impacted region of the DWTT specimens, abnormal inverse fracture having a cleavage fracture mode appeared, and the inverse fracture area correlated well with the upper-shelf energy (USE) obtained from the CVN test and with the grain size. The steel specimens having a higher USE or having coarse polygonal ferrite tended to have a larger inverse fracture area than those having a lower USE or having fine acicular ferrite. This was because steels having a higher impact absorption energy required higher energy for fracture initiation and propagation during the DWTT. These results were confirmed by the CVN data of prestrained steel specimens.
I. INTRODUCTION
RECENTLY, rapid technological advancements of the thermomechanical control process (TMCP), composed of controlled low-temperature hot rolling and accelerated cooling, have considerably improved the toughness of pipeline steels. [1] [2] [3] [4] [5] In these high-toughness pipeline steels, however, an abnormal fracture appearance frequently occurring during the drop-weight tear test (DWTT) has caused many difficulties in evaluating DWTT properties. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] The abnormal fracture appearance can roughly be divided into two types. First, the test is invalid, in accordance with the API RP 5L3 specification, [15] as shear fracture initiates at the notch of the DWTT specimen. In the second case, the socalled "inverse fracture" of a cleavage-fracture mode occurs in the hammer-impacted region of the DWTT specimen, after cleavage fracture initiated at the notch propagates in a shear-fracture mode. Thanks to intensive studies, the former problem was partially solved by inserting a static precrack, a fatigue precrack, an electron-beam weld, a chevron notch, etc., into the DWTT specimen, instead of the conventional standard pressed notch. [7, 8] However, the latter problem still waits for clear solutions or alternatives to prevent or reduce its occurrence. Empirically speaking, the size of this inverse fracture tends to become more serious, as the DWTT specimen thickness increases and the test temperature decreases. [6] [7] [8] [9] It is also known that the inverse fracture is associated with the high fracture-initiation energy of the recently developed high-toughness pipeline steels. [11, 12] Nevertheless, in the case of the chevron-notch (CN) DWTT specimen, in which the fracture-initiation energy is reduced by inserting the sharp notch, the inverse fracture also occurs in the hammerimpacted region, leaving the problem unsolved. [12, 13] Few works have been done on how inverse fracture occurs in the recently developed high-toughness pipeline steels and on how microstructures and other properties, together with DWTT type and test conditions, affect the inverse fracture.
Iwasaki et al. [6] investigated the plastic deformation and fracture behavior of DWTT specimens and reported that a high compressive prestrain was introduced inside the DWTT specimen as both the three-point bending and the hammer impact were working in the hammer-impacted region. Recently, Hwang et al. [12] concluded that the work hardening due to such a compressive prestrain was correlated with the size of the inverse fracture, based on the results of hardness and indentation tests of the hammer-impacted region. They pointed out the occurrence of more serious inverse fracture in the case of pressed-notch (PN) DWTT specimens because of the high fracture-initiation energy at the notch. Mannucci and Harris [11] observed that the thickness of the hammer-impacted region significantly increased during the DWTT and suggested that this thickening further reduced the toughness by increasing the stress triaxiality in the hammer-impacted region.
In the present study, the size, shape, and characteristics of the inverse fracture occurring in the hammer-impacted region of high-toughness X70 pipeline steels were evaluated to investigate the formation mechanisms of the inverse fracture and its effects. In order to suggest methods to prevent the inverse fracture formation, the size of the inverse fracture was measured from the fracture surface of the fractured DWTT specimen, and the measured data were analyzed in relation to the microstructures, mechanical properties obtained from tensile and Charpy V-notch (CVN) impact tests, work hardening, and hardness of the DWTT hammer-impacted region.
II. EXPERIMENTAL
Three kinds of X70-grade pipeline steels, having a yieldstrength level above 483 MPa (70 ksi), were used in this study, and their chemical compositions are shown in Table I . Steel A had the basic composition of the X70 steel. In steel B, the amounts of carbon, copper, and molybdenum, which increase the hardenability, were slightly reduced from those of steel A. Steel C had a lower amount of carbon than steel B. Various hot-rolled specimens were processed from these three steels by varying rolling conditions, as shown in Table II . Rolling was started at the two temperatures of 980 °C and 910 °C and was finished at the two temperatures of 830 °C to 860°C and 720 °C to 750 °C, which were the temperatures of the austenite single-phase region above Ar 3 and the temperature of the (austenite ϩ ferrite) two-phase region below Ar 3 , respectively. After the finish rolling, the specimens rolled in the single-phase region began to be cooled at 780 °C to 810 °C, while the specimens rolled in the two-phase region began to be cooled at 690 °C to 710 °C. The finish cooling temperature (FCT) was varied in the range from 100 °C to 600 °C, and the cooling rate was about 10 °C/s. For convenience, the specimens which were rolled in the single-phase region and cooled to different FCTs are referred to as the A1 to A6 specimens, while those rolled in the two-phase region and cooled to different FCTs are referred to as the A7 to A12 specimens. The rolling conditions of steels B and C were similar to those of steel A, as shown in Table II. The longitudinal-transverse plane of the rolled specimens was polished, etched by a nital solution, and observed by an optical microscope. In addition, secondary phases such as the martensite-austenite (MA) constituent and retained austenite (RA) were identified using a two-step etching method, [19] and their volume fraction was measured by an image analyzer. In this two-step etching, specimens were etched first in an etching solution of 96 pct ethanol, 4 pct picric acid, and a few drops of hydrochloric acid and were then etched in a solution of sodium hydroxide and metabisulfide.
Tensile round bars with a gage diameter of 6 mm and a gage length of 30 mm were prepared in the transverse direction and were tested at room temperature at a crosshead speed of 5 mm/min using a 10-ton Instron machine. Charpy impact tests were performed on subsized CVN bars of 7.5 ϫ 10 ϫ 55 mm in size and with a transverse-longitudinal (T-L) orientation, in the temperature range from Ϫ196 °C to 20 °C, using a Tinius Olsen impact tester of 500 J capacity, in accordance with the ASTM Standard E23-02.
[20] In order to reduce errors in data interpretation, regression analysis for absorbed impact energy vs test temperature was done using a hyperbolic tangent curve-fitting method.
[21] Based on the data from regression analysis, the energy transition temperature (ETT), which corresponds to the average value of upper-shelf energy (USE) and lower-shelf energy, was determined.
The DWTT specimens had a size of 76.2 ϫ 305 ϫ 20 mm (full-plate thickness) in the T-L direction, in accordance with the API RP 5L3 specification. [11, 15] These specimens were tested at Ϫ15 °C using a DWTT machine with a maximum energy capacity of 20,000 J. Both the PN DWTT and CN DWTT were conducted on the steel A specimens, while only the PN DWTT was done on the steel B and C specimens. 
